Introduction
============

Replacing lost or severed parts of the body or restoring their function is the goal of regenerative medicine. In recent years, two emerging new technologies have provided new and exciting potential towards that goal: Tissue Engineering and Gene Therapy. Tissue Engineering, according to the definition of Langer and Vacanti, is 'an interdisciplinary field that applies the principles of engineering and life sciences toward the development of biological substitutes that restore, maintain, or improve tissue functions'\[[@b1]\]. The first efforts were mainly concerned with the generation of bioengineered skin substitutes by combination of fibroblasts with a collagen matrix \[[@b2]\] or collagen gel \[[@b3]\], or keratinocyte sheet grafts \[[@b4]\]. Over the past 15 years, tissue-engineering applications have been continuously extended to a wide variety of tissues and organs and the scaffolds employed for initiation of tissue regeneration have become more and more sophisticated. Given that initial expectations regarding the therapeutic application of tissue engineering could not completely be transferred into clinical reality, new strategies are being investigated to enhance its potential.The synthesis of tissue engineering with innovative methods of molecular biology appears very promising, and the delivery of therapeutic genes has become of particular interest in this context.

Gene Therapy can be defined as the introduction of genetic material into cells with the intent of altering cellular function or structure at the molecular level to improve a clinical outcome \[[@b5]\]. Growth factors are small proteins that can be synthesized by a wide variety of cells and play an important role in the regulation of cell proliferation, migration, differentiation and matrix synthesis \[[@b6]\]. Because of their crucial role in regenerative processes such as soft tissue repair, bone formation, cartilage healing and nerve regeneration, considerable efforts have been undertaken to administer a large number of different growth factors \[[@b6]\].Topical application of recombinant growth factors has shown some clinical benefit, resulting in an FDA approval for recombinant Platelet-derived growth factor Regranex^®^ for the treatment of diabetic foot ulcers \[[@b7]\]. On the other hand, application of growth factors as recombinant proteins is associated with draw-backs such as short half-life, low bioavailability, enzymatic inactivation and high cost of production \[[@b8]\]. Using gene transfer techniques, the localized, long-term production of therapeutic levels of the desired cytokine may be achieved without the disadvantages of recombinant protein application. Given these reasons, gene transfer of cytokines for the purpose of tissue regeneration is of great interest. The aim of this review is to outline possible applications of gene therapy as far as they apply to tissue engineering as well as basic principles of gene therapy, vectors and gene delivery.

Methods of gene delivery
========================

There are two fundamentally different gene delivery systems, viral and non-viral. Both approaches can be carried out *in vivo* or *ex vivo*\[[@b9]\]. The *in vivo* approach involves direct delivery of genes to the target cell with-in the living organism and is attractive for its technical straightforwardness, making possible clinical application much easier. Its drawbacks are that targeting is not completely specific and transfection efficiency is usually lower than with *ex vivo* gene transfer. The *ex vivo* approach requires removal of the cells from the host, *in vitro* cultivation, expansion and genetic modification followed by implantation back into the tissue. This approach is laborious and more expensive, but has the advantage that selective genetic manipulation of the desired cell type and quantification of the transfection efficiency *in vitro* is possible \[[@b10]\].

Non-viral gene transfer is referred to as 'transfection' and is dependent on chemical or physical delivery of the genetic material and therefore relies on cellular transport systems for uptake and expression in the host cell.The most important examples of such techniques include direct injection of naked DNA \[[@b12]\], electroporation \[[@b13]\], particle bombardment \[[@b14]\] and cationic liposomes \[[@b15]\]. Non-viral gene therapy offers several advantages over approaches that rely on viral vectors: the respective techniques are easy, simple, direct and, with the exception of cationic lipo-somes, inexpensive \[[@b11]\].

A number of different viruses have gained attention as vectors for gene delivery. To make them applicable for gene therapy, they undergo genetic modification before they are used to introduce the gene of interest into a host cell, a process referred to as viral 'trans-duction' or 'infection'. In most cases, viral vectors exhibit a higher transfection efficiency compared with that of non-viral gene delivery systems. Some of the most common viruses used in gene therapy studies that will be discussed in this review are adenoviruses, adeno-associated viruses, retroviruses and herpes simplex virus (HSV). Other viral vector systems such as vaccinia virus and poxvirus have also been inves-tigated for gene therapy applications lately, but are less common and will not be part of this review.

Gene delivery from polymeric biomaterials constitutes an alternative strategy that attempts to circumvent disadvantages of the viral and non-viral gene delivery methods outlined earlier. The two basic principles are referred to as polymeric release or substrate-mediated delivery \[[@b16]\]. Polymeric release describes the release of a therapeutic protein (generated from the foreign DNA) in the most efficient way possible, which may be either rapidly or over an extended period of several days, weeks or even months, depending on the therapeutic setting and requirements. Substrate-mediated delivery, on the other hand, implicates that DNA is immobilized to a biomaterial, with the goal of stimulating adhesion and migration of cells that contribute to tissue regeneration. Gene delivery from polymeric biomaterials can be accomplished either through direct incorporation of the DNA into the scaffold or through cells genetically manipulated by viral or non-viral gene transfer to express a certain gene prior to seeding them onto the matrix. Gene delivery from polymeric biomaterials may provide better protection against DNA degradation, a better control of transgene and protein levels, reduction of systemic side effects and minimization of the inflammatory response when viral vectors are used in combination with the polymer \[[@b16]\].

Gene therapy has gained more and more attention as a therapeutic tool where new experimental protocols have emerged and long-existing vector systems have been constantly refined and improved. Particularities, advantages and drawbacks of common gene delivery strategies will be discussed in detail in the following paragraphs. [Table 1](#tbl1){ref-type="table"} summarizes the most commonly used gene transfer techniques. While [Figure 1](#fig01){ref-type="fig"} represents an illustration of the basic fundamentals of gene transfer, examples of gene delivery strategies from matrices for tissue regeneration are provided in [Table 2](#tbl2){ref-type="table"}.

###### 

Overview of gene delivery techniques

  **Gene Delivery Technique**                 **Advantages**                                                                                                                                  **Disadvantages**
  ------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------
  Direct injection of naked DNA/Plasmid DNA   Simple, local delivery, unlimited gene size, non-toxic, most efficient in cardiac and skeletal muscle cells                                     Only applicable to tissues accessible by direct injection, very low transfection efficiency, transient gene expression only
  Gene Gun                                    Can deliver large amounts of DNA, technically simple                                                                                            Non-specific, physical damage to cell required for DNA uptake, low transfection efficiency
  Microseeding                                Can deliver large amounts and different types of DNA                                                                                            Low transfection efficiency, cellular damage, limited experience
  Electroporation                             Technically simple, can deliver large amounts of DNA                                                                                            Non-specific, complex equipment, damage to cell membrane required for DNA uptake, low transfection efficiency
  Cationic Liposomes                          Technically simple, local delivery, can transfect any cell type, no immunogenicity                                                              Cannot target specific cell types, low transfection efficiency
  Retrovirus                                  Transduces many different cell types, high efficiency of *ex vivo* transduction, long-term gene expression                                      Transduces dividing cells only, inefficient transduction *in vivo*, risk of insertional mutagenesis
  Adenovirus                                  Transfects virtually all cell types, dividing and non-dividing cells, good transfection efficiency *in vivo*, no integration into host genome   Immune response, lack of permanent expression, potential wild-type breakthrough, small DNA insert size (8 kb)
  Adeno-associated Virus                      Transduces dividing and non-dividing cells, integrates to specific site at chromosome 19, long-term gene expression                             Difficult to grow to high titres, risk of insertional mutagenesis, small DNA insert size (4.7 kb), possible immune response and inflammatory reaction
  Herpes Simplex Virus 1                      Transduces wide variety of cell types, neurotropism, large DNA insert size (30 kb), long term expression feasible                               Difficult to manipulate due to complex life cycle, risk of wild-type breakthrough

![Genedelivery strategies in tissue engineering.ADNAsequence constituting the gene of interest which codes for the therapeutic protein is inserted into a suitable vector. Gene transfer into the host can now occur in four different ways: **(A)** Direct *In vivo* gene delivery or *ex vivo* gene transfer to either **(B)** cells or **(C)** Three-dimensional matrices, followed by transplantation of the genetically manipulated material into the host. Alternatively **(B)** and **(C)** can be combined whereby genetically modified cells are seeded onto threedimensional matrices followed by transplantation into the host.](jcmm0011-0206-f1){#fig01}

###### 

Gene delivery strategies from scaffolds for tissue regeneration

  Vector/gene/cell type and scaffold                                                  Organ/Application                                 Result
  ----------------------------------------------------------------------------------- ------------------------------------------------- ----------------------------------------------------------------------------------------------------
  Adenovirus/PDGF-B - Collagen/PVA                                                    Skin (rat/subdermal)                              Increased granulation tissue formation \[[@b101]\]
  Granulation tissue and epithelialisation \[[@b102]\]                                                                                  
  Plasmid/PDGF -- Collagen                                                            Skin (rabbit/ear dermal ulcer)                    Prolonged EGF-expression *in vivo*\[[@b39]\]
  Plasmid/EGF -- Fibrin/Keratinocytes                                                 Skin (mouse/full-thickness wounds)                Accelerated re-epithelialization \[[@b43]\]
  Retrovirus/PDGF-B/fibroblasts - PGA                                                 Skin (diabetic mouse/full thickness wound)        Epidermal hyperproliferation, increasedVEGF-secretion, accelerated vascularization\[[@b103]\]
  Retrovirus/FGF-7/keratinocytes --acellular dermis                                   Skin (mouse/full-thickness wound)                 
  Plasmid/BMP-7/Periosteal MSC/ - PGA                                                 Cartilage (rabbit/osteochondral defect)           Good transfection efficiency, therapeuticIGF-1 levels, improved cartilage repair \[[@b48]\]
  Non-Liposomal Lipid/IGF-1/chondrocytes-- alginate spheres                           Cartilage (rabbit/osteochondral defect)           Increased bone formation \[[@b54]\]
  Retrovirus/BMP-7/periosteal cells -- PGA                                            Bone (rabbit/cranial defect)                      New bone formation \[[@b31]\]
  Plasmid/hPTH1-34                                                                    Bone (dog/tibia and femur defects)                Significant bone regeneration after6 weeks \[[@b55]\]
  Retrovirus/Sonic hedgehog/fibroblasts,MSC, fat-derived cells -- alginate/collagen   Bone (rabbit/calvarial defect)                    Improved survival of axotomized retinalganglion cells \[[@b104]\]
  Plasmid/FGF-2, BDNF, NT-3 - PLL                                                     Nerve (rat/optic nerve regeneration)              lacZ-expressing endothelial cells liningluminal graft surface 5 weeks afterimplantation \[[@b78]\]
  Retrovirus/lacZ/endothelial cells -- vessel                                         Blood Vessels(dog/carotid interposition grafts)   

Non-viral techniques
--------------------

Non-viral gene transfer techniques possess several advantages. The production of large amounts of non-viral vectors is much easier and the costs are lower. Most methods are simple and inexpensive, immunogenicity and toxicity are considered relatively low in most cases, while safety concerns are not an issue compared with viral vectors where the risk of recombination resulting in replication-competent virus that could cause disease needs to be addressed. Furthermore, non-viral gene transfer is usually characterized by transient gene expression and low-transfection efficiency. On the other hand, short-term gene expression may be desirable in clinical settings such as wound healing or bone regeneration. Long-term gene expression can be achieved by the selection of stable clones of cells transfected with plasmid DNA *in vitro*. This approach is more cumbersome and requires *ex vivo* manipulation, but it permits the selection of cell lines stably expressing a particular gene of interest over longer periods without the need to use a viral vector.

Naked DNA
---------

Transduction using naked DNA likely represents the safest known method of gene delivery. Successful delivery and expression of genes in several different tissues has been achieved by injection using hypodermic needles. Even though the transduction efficiency is very low and the DNA is more susceptible to degradation, a clinical effect was seen nonetheless \[[@b12]\], particularly for transduction of skeletal and cardiac muscle cells. Superior transduction of wounds was achieved using a 'gene gun' where DNA-coated gold particles are accelerated \[[@b18]\] or by micro-seeding which employs a set of oscillating needles to which DNA is delivered via an infusion pump \[[@b19]\]. These methods appear to improve trans-duction efficiency by increase of the surface area and induction of a micro-trauma of the treated tissue, thereby improving the DNA uptake. A disadvantage of the gene gun, however, is that foreign particles, that is, gold, are introduced into the tissue, while experiences with microseeding are very limited thus far. In electroporation, brief electric pulses are applied to cells to transiently create pores in the plasma membrane, thus allowing DNA diffusion into the cell. *in vitro* as well as *in vivo* gene delivery using electroporation has been reported \[[@b20]\]. The technique has been initially used for introduction of genes into plants and was later adapted for gene transfer to mammalian cells.

Cationic liposomes
------------------

These positively charged lipid vesicles form a complex with negatively charged DNA. Transfer of the DNA across the cell membrane appears to occur through an endocytosis-like process. Owing to their lack of immunogenicity, repeated deliveries *in vivo* are possible \[[@b11]\], and further improvement of transfection efficiency is possible by combination with Sendai virus fusion proteins \[[@b21]\]. Another advantage is the potential to deliver large amounts of DNA and that large transgenes can be incorporated. Nevertheless, the fact that transfection efficiency *in vivo* after gene transfer using cationic liposomes is low compared to that of gene transfer using viral vectors is a limiting factor to its usefulness.

Viral techniques
----------------

Numerous viruses are under investigation for use as gene transfer vectors, but the analysis provided in this review will be limited to some viruses commonly used in gene therapy: adenovirus, adeno-associated virus, retrovirus and HSV.Viral delivery systems have been demonstrated to be superior in terms of trans-duction efficiency because of their ability to efficiently infect cells. Their common drawbacks are increased technical demands in vector manufacturing and an increased risk of virus-associated toxicity. However, significant efforts have been made in recent years to generate vector systems employing replication-defective viruses with very little cytotoxicity. These altered viruses require propagation in cell lines that have been engineered to substitute absent viral functions.

Retrovirus
----------

Retroviruses are particular in that they selectively infect proliferating cells. After entry into the cell through interactions between its envelope protein and receptor molecules on the target cell, the single-stranded RNA is reverse transcribed into double stranded DNA.The major advantage to retroviral vectors is integration into the host cell chromosome, offering stable transformation and sustained gene expression. Through non-specific integration into the host chromosome, however, there is a risk of insertional mutagenesis. Other drawbacks include a small size of possible DNA insert up to 8.5 kb and a lower yield of infectious viral titres, particularly in comparison to adenovirus. The most frequently used recombinant retroviral vectors are derived from murine leukaemia virus \[[@b5]\], where replication deficiency is achieved by replacing genes encoding essential viral proteins such as gag, pol and env with therapeutic genes. Retroviruses are the most common type of virus used in clinical trials investigating viral vectors for gene therapy thus far.

Adenovirus
----------

In contrary to retrovirus, adenoviruses can infect dividing and non-dividing cells, and the viral genome stays episomal and is not integrated into the host genome. This feature and their ability to infect a broad range of cells such as skin, lung, liver, brain, muscle and blood vessels render adenoviruses promising and versatile vectors for gene therapy. Adenoviruses are linear double-stranded DNA viruses and can be rendered replication-defective by substitution of the essential E1 gene; further deletion of the E3 gene is commonly carried out to maximize the amount of transgene packaging capacity (up to 7.5 kb) without apparent effect on viral growth \[[@b8]\]. They can be produced to very high titres and therefore attain high levels of transgene expression. On the other hand, duration of transgene expression is often limited to short periods, potentially owing to a strong immune reaction that these viruses can induce in the host. This problem has been partially circumvented by the development of helper-dependent \[[@b22]\] and gutless \[[@b23]\] adenoviral vectors in which all viral coding sequences have been deleted.

Adeno-associated virus
----------------------

These viruses have not been associated with human disease and can only grow in the presence of a helper virus such as adenovirus or herpes virus. The genome size is relatively small, measuring less than 5 kb, thereby allowing only insertion of small trans-genes up to 4.5 kb. Wild-type adeno-associated viruses are integrated into the host genome, display a unique tropism for chromosome 19q13.3 and can infect both dividing and non-dividing cells. These advantages make it a promising viral vector for long-term transgene expression \[[@b24]\].

Herpes simplex virus
--------------------

HSV replicates in epithelial cells and establishes a life-long latent infection in neuronal cell bodies within the sensory ganglia of infected individuals, where the latent viral genome is maintained in an episomal state \[[@b25]\]. HSV infects a broad range of mitotic and post-mitotic cells and can effectively deliver transgenes not only to neurons but also to the heart, skeletal muscle, bladder, pituitary gland, articular joints, peripheral blood mononuclear cells and inguinal adipose tissue \[[@b26]\]. Because of its large genome, 30--50 kb of transgene can be introduced into recombinant HSV-1 vectors. At present, two major classes of HSV-1 vectors have been developed: replication-defective viruses and replication conditional mutants \[[@b31]\].

Using the tetracycline gene switch technology \[[@b33]\], T-REx™ (Invitrogen, CA), Yao *et al.* constructed the first HSV-1 recombinant, CJ83193, capable of inhibiting its own replication and that of wild-type HSV-1 in normal cells as well as non-tetracycline repressor (tetR) expressing cells \[[@b34]\]. Using the lacZ gene as reporter, it was demonstrated that CJ83193 can be translated into a new class of HSV-based vector system for gene transfer to various tissues (Theopold *et al.*, manuscript submitted for publication). In an effort to further explore the utility of regulated gene expression in gene therapy application, Yao *et al.* recently constructed a novel HSV-1 replication-defective virus that can lead to 300- to 1000-fold of tetracycline-regulated gene expression in the target cells \[[@b35]\]. This newly developed tet-regulatable HSV-1 vector system should be useful for studying gene function in the nervous system and delivering regulated gene expression in therapeutic applications, particularly in the treatment of CNS diseases.

Gene delivery from scaffolds for tissue engineering
===================================================

The combined use of biomaterial scaffolds, drug delivery technology and gene therapy has great potential to provide improved tissue replacements \[[@b36]\]. In general, the DNA of interest, which is encoded either by a viral or non-viral vector, is positioned together with a biomaterial scaffold at the site of desired tissue regeneration to provide conduction and induction. Conduction describes the purpose of a matrix to maintain a space and provide physical support for new tissue to be generated \[[@b16]\]. Induction defines the role of the matrix as a drug delivery vehicle to stimulate tissue formation \[[@b16]\]. Drug delivery, that is, introduction of a gene of interest, can occur through plasmid DNA incorporated into the scaffold or through cells genetically manipulated *in vitro* before they are seeded onto a scaffold followed by transplantation into the host. Interaction with progenitor cells from the surrounding tissue plays a key role, where these cells can support tissue regeneration by uptake of DNA released from the scaffold, thereby assuming the role of a 'bioreactor' that produces a desired trans-gene such as a growth factor \[[@b37]\].

Numerous natural and synthetic materials have been investigated for potential use as scaffolds in tissue engineering \[[@b38]\], which can be categorized as either hydrophilic (e.g. hyaluronic acid \[HA\], collagen and poly(ethylene glycol) \[PEG\]) or hydrophobic (e.g. poly\[lactide-co-glycolide\]). Collagen and hyaluronan occur naturally and are involved in numerous physiological processes and are advantageous due to their safety. Synthetic polymers, on the other hand, can be designed specifically in terms of material, mechanical properties, porosity and degradation properties. Scaffolds can either be formed as a mesh of fibres or processed into a porous structure \[[@b16]\].

Viral and non-viral gene delivery through scaffolds has a number of advantages, including increased residence time within the tissue, superior protection against degradation and a reduced inflammatory response, particularly in the case of adenoviral vectors. Molecular interactions between vector and polymer determine whether the DNA is released from the polymer or bound to it. Polymeric release involves an encapsulation and release of DNA into the local microenvironment. Alternatively, substrate-mediated delivery employs immobilization of DNA to the scaffold surface.

A multitude of clinical trials involving gene therapy have been carried out for many different clinical conditions such as monogenic diseases, cancer, cardio-vascular disease and others. Lack of success has been frequently attributed to inefficient delivery, lack of stable gene expression, inappropriate levels of gene expression and immune clearance of either the vector or the cells expressing the foreign gene \[[@b5]\]. Polymeric-based gene delivery may be useful to circumvent these problems and thereby improve clinical outcome. Matrix-based delivery of non-viral and viral DNA has been employed for tumour therapy \[[@b39]\], bone \[[@b40]\], cartilage \[[@b41]\] and nerve regeneration \[[@b42]\] as well as wound healing \[[@b43]\] and muscle repair \[[@b44]\] and demonstrated the potential for extended local production of growth factors.

Gene therapy applications in tissue engineering
===============================================

Skin and wound healing
----------------------

Delayed wound healing caused by diabetes, steroid therapy, peripheral vascular disease as well as impaired function and aesthetics due to excessive scarring caused by burns are among the most common conditions treated by the plastic surgeon. Wound repair is a complex cascade of events that occurs in distinct phases and involves multiple interactions between cytokines, cells and extra-cellular matrix \[[@b45]\]. Skin is an easily accessible tissue, and the high turnover of the epidermis and the fact that a multitude of cytokines and growth factors crucial to the regener-ation process undergo short-term up- and down-regulation make it an ideal candidate for gene therapy: short-term gene expression, which is frequently a problem with gene therapy vectors, is desirable when trans-duction of the skin for wound repair is intended. Keratinocytes and Fibroblasts, the predominant cells of the skin, can easily be harvested and cultured, allowing for *in vitro* amplification and genetic manipulation. Many different protocols combining gene delivery, sometimes cell-based using *ex vivo* manipulated skin cells, with a tissue-engineered matrix have been tested. A thorough review on tissue engineering of cultured skin substitutes has recently been published as a part of this review series \[[@b46]\]. Briefly, a wide array of skin replacements have been under clinical investigation, including cultured autologous or allogenic keratinocyte grafts, autologous or allogenic composites, acellular

(e.g. dermal) biological matrices and cellular matrices including substances such as fibrin sealant and collagen, hyaluronic acid and others \[[@b46]\]. Here, we will focus on skin repair methods employing gene transfer techniques. Some of the earliest studies in growth factor gene delivery to wounds have been conducted by the Eriksson group in a porcine wound-healing model. Gene delivery of epidermal growth factor (EGF) using particle bombardment to partial-thickness wounds resulted in a dramatic increase in EGF protein concentration and significantly accelerated healing \[[@b18]\]. Transplantation of fibroblast suspensions transiently transfected with EGF plasmid could accelerate wound re-epithelialization \[[@b47]\]. Another study investigated the combination of a matrix for cell transplantation with a transfection system to release therapeutic proteins *in vitro* and *in vivo*. A hEGF-expressing plasmid was incorporated in a fibrin matrix, which was re-suspended with human keratinocytes. After transplantation to full thickness wounds on athymic mice, EGF expression was 180-fold increased compared to controls and persisted for 7 days \[[@b48]\]. Several other growth factors, including IGF-1 and platelet-derived growth factor BB (PDGF-BB) have been delivered to skin by means of gene therapy to stimulate wound healing. Retrovirally transduced human keratinocytes expressing IGF-1 showed an increased proliferative capacity after trans-plantation into nude mice, but failed to speed up wound healing \[[@b49]\]. Liposomal IGF-1 cDNA delivery showed a therapeutic effect in a rat burn wound model \[[@b50]\].

Matrices are useful not only as a carrier for ker-atinocyte or fibroblast transplantation to wounds but also as a vehicle for gene transfer \[[@b51]\]. Retroviral transduction of dermal fibroblasts from diabetic mice with the human PDGF-B gene was followed by seeding of these transgenic cells onto a PGA scaffold matrix, which was then applied to full-thickness skin wounds in diabetic mice. Re-epithelialization was accelerated by 40% compared with controls \[[@b52]\]. High-level long-term delivery of proteins *in vivo* can be achieved by *in vitro* transduction and selection of cells that constitutively express the gene of interest, but unregulated gene expression may also result in adverse effects. We recently transplanted fibroblasts stably transfected with a PDGF-B expressing plasmid into porcine full-thickness wounds. High wound fluid levels of PDGF-BB *in vivo* were associated with retarded wound healing compared with the wounds receiving untransfected fibroblasts only (Petrie *et al.*, manuscript submitted for publication), emphasizing the need for regulatable gene expression.

Cartilage
=========

Since cartilage is composed of a single cell type, the chondrocyte and an avascular tissue, one might expect it to be an easier tissue to regenerate, given that there is no need to generate a vascular supply or a multilayered tissue composed of multiple cell types. On the other hand, the need for nourishment through diffusion from adjacent tissue limits regeneration capacity of damaged cartilage. On the basis of different matrix compositions, cartilage can be divided into three major types: Hyaline cartilage (e.g. articular surfaces), elastic cartilage (e.g. external ear) and fibrocartilage (e.g. intervertebral discs). Fibrin and collagen matrices, synthetic hyaluronic acid sponges, hydroxylapatite and numerous polymers have all been employed as scaffolds in cartilage regeneration, providing a three-dimensional back-bone, which is necessary to preserve cell morphology. Chondrocytes are not accessible to direct *in vivo* vector DNA delivery due to the extra-cellular matrix surrounding them. Therefore the cells usually under-go genetic manipulation *in vitro* to express the desired gene and then seeded onto the scaffold prior to implantation. Autologous chondrocytes lose their chondrocytic phenotype when grown *in vitro* in monolayer, assuming a fibroblastic phenotype, thus limiting the number of cells that can be used for gene transfer and transplantation \[[@b53]\], even though several different protocols have been described to induce re-differentiation \[[@b54]\]. Mesenchymal stem cells (MSCs) may constitute a remarkable alternative as carriers of therapeutic genes. Different populations of multipotent MSCs can be harvested in large quantities from the iliac crest, periosteum or blood and can be stimulated with chondrogenic growth factors including BMP-2 and IGF-1. Bone morphogenic proteins (BMPs), IGF-1 and TGF- have emerged as some of the most promising candidate genes for induction of chondrogenesis via gene therapy. Intervertebral disc cells transfected with TGF-1 plasmid responded with a fourfold increase in proteoglycan synthesis compared with pellets containing cells transfected with the empty vector only when grown in three-dimensional pellet cultures \[[@b55]\]. BMP-2 and BMP-7 have also been successfully tested for their chondrogenic potential in cartilage tissue engineering. Periosteal MSCs transfected with BMP-7 cDNA embedded in Poly(glycolic acid) (PGA) scaf-folds contributed to formation of a larger amount of hyaline cartilage than untransfected cells \[[@b56]\]. Madry *et al.* performed gene transfer of IGF-1 using FuGene 6, a non-liposomal lipid formulation, and encapsulated the transfected articular chondrocytes into alginate spheres, resulting in a 35% transfection efficiency and therapeutic levels of IGF-1 expression for 32 days \[[@b57]\]. Despite these results, adenoviral and retroviral vectors are still considered superior in terms of transduction efficiency and long-term gene expression. Since direct articular injection of viral vectors was shown to result in inflammatory response and owing to concerns about systemic spread, *ex vivo* transduction of extracted cells has emerged as a promising alternative. This cell-mediated gene transfer has been shown to significantly increase the duration of protein expression in mouse joint compared with the direct intra-articular injection of the viral vector \[[@b58]\]. Ex vivo transduction of chon-drocytes using a GFP-expressing adenovirus resulted in expression of the marker gene for more than 60 days \[[@b59]\], while retroviral gene transfer to rabbit synovial cells could maintain gene expression for 6 weeks \[[@b60]\].

Bone
----

In contrary to cartilage, bone relies on direct nutrition by a vascular network and has great potential for spontaneous regeneration, even though this is fre-quently limited in the clinical situation through non-unions or critical-size segmental defects \[[@b61]\]. Many of the cytokines discussed with regard to cartilage repair also directly and indirectly affect bone growth. Evans and co-workers report healing of critical-sized segmental defects in immunocompetent rabbits and rats by direct injection of an adenovirus carrying the BMP-2 gene \[[@b62]\]. The same author investigated the distribution of the marker gene luciferase after injection of a recombinant adenovirus (Ad.luc) into a critical-sized defect in rabbits and found expression in the surrounding muscle, the scar in the defect, the cut ends of the bone and marrow cells. Even though these studies demonstrate that osseous lesions can be healed by direct injection of adenoviral vectors carrying osteogenic cDNAs, *ex vivo* manipulation of autologous osteogenic cells has the advantage of specifically transducing only the desired cell type.

Meinel *et al.* transduced MSCs with adenovirus containing a human BMP-2 gene at clinically reasonable viral concentrations and cultured for 4 weeks. Cells secreted a matrix that underwent mineralization on the silk fibroin scaffolds, forming clusters of osseous material and the expression of osteogenic marker proteins, and alkaline phosphates was significantly higher in the Ad-BMP-2 MSC group than in the control group that had received exogenous protein BMP-2. The results demonstrate that transfection resulted in higher levels of expression of osteogenic marker genes, no change in proliferation rate and did not impact the capacity of the cells to calcify tissues on these protein scaffolds, suggesting that exogenous addition of growth factors or morphogens can be replaced with transfected MSCs \[[@b63], [Fig. 2](#fig02){ref-type="fig"}, printed with permission from Elsevier\].

![Combination of bone tissue engineering, gene therapy based on human mesenchymal stem cells (MSCs) and silk fibroin biomaterials to study the impact of viral transfection on MSC osteogenic performance. MSCs were transduced with adenovirus containing a human BMP-2 (Ad-BMP-2) gene at clinically reasonable viral concentrations and cultured for 4 weeks. Controls with non-transfected MSCs, but exposed to exogenous BMP-2 concentrations on an analogous time profile as that secreted by the Ad-BMP-2 group, were compared. Both the Ad-BMP-2 MSC group and the exogenous protein BMP-2 group strongly expressed osteopontin and bone sialoprotein. Cells secreted a matrix that underwent mineralization on the silk fibroin scaffolds, forming clusters of osseous material, as determined by micro-computed tomography. The expression of osteogenic marker proteins and alkaline phosphatase was significantly higher in the Ad-BMP-2 MSC group than in the exogenous protein BMP-2 group, and no significant differences in mineralization were observed in two of the three MSC sources tested.The results demonstrate that transfection resulted in higher levels of expression of osteogenic marker genes, no change in proliferation rate and did not impact the capacity of the cells to calcify tissues on these protein scaffolds.These findings suggest additional options to control differentiation where exogenous additions of growth factors or morphogens can be replaced with transfected MSCs. Light microscopy of construct cross sections after 2 weeks **(A--F)** or 4 weeks **(G--L)** of cultivation in osteogenic medium **(B, C, E, F, H, I, K, L)** or control medium **(A, D, G, J).** MSC were either transduced with Ad-BMP-2 (center column) or exposed to BMP-2 concentrations as secreted and measured for the Ad-BMP-2 transduced cells (right column) or cultivated in control medium (left column). Sections were stained with H&E **(A--C**; **G--I)** or with von Kossa **(D--F**; **J--L).** Bar length is 100 μm. Reprinted from \[[@b63]\], with permission from Elsevier.](jcmm0011-0206-f2){#fig02}

Retroviral transduction of periosteal cells with BMP-7 and subsequent transplantation of these cells using PGA matrices significantly stimulated bone formation in rabbit cranial defects \[[@b64]\]. Despite the limitations of non-viral vectors for gene delivery to bone, Bonadio proposed a new approach described as a gene-activated matrix (GAM) where plasmids are incorporated in a collagen sponge, which is then inserted into a critical-sized bone defect \[[@b36]\]. Using this principle of substrate-mediated delivery, cells entering the GAM became transfected by its DNA and subsequently functioned as bioreactors, expressing transgenes locally for several weeks and leading to formation of significant amounts of bone. There are several different cell types suitable for *ex vivo* genetic manipulation and subsequent transfer into a defect with or without a scaffold. Bone-forming osteoblasts appear to be the most obvious choice, but they are mature cells with a decreased ability to proliferate. Hence, focus has shifted towards stem cells, highly proliferative cells capable of osteogenic differentiation and potential for bone formation. Since the use of omnipotent embryonic stem cells is limited because of ethic concerns, adult MSCs have become of particular interest. Edwards *et al.* delivered MSCs retrovirally transduced with the transcription factor Sonic hedgehog (Shh) to rabbit cranial bone defects in an alginate/collagen matrix. After 6 weeks, significant bone regeneration was detected \[[@b65]\]. Transcription factors are currently considered a very promising tool to induce bone formation. Bone marrow stromal cells engineered to constitutively express the osteoblastic transcription factor Runx2/Cbfa1 were integrated into three-dimensional polymeric scaffolds and displayed significantly up-regulated osteoblastic differentiation and mineralization *in vitro* and *in vivo* in an ectopic, non-osseous subcutaneous site. *in vitro* construct development to create a mineralized template before implantation significantly enhanced subsequent *in vivo* mineralized tissue formation \[[@b66]\].

Nerve
-----

Nerve regeneration is a slow process that often results in less than desirable outcomes. The factors determining neuroregenerative capacity are still under investigation, and they include neurotrophic factors, neuronal-associated cells and nerve scaf-folds functioning as guidance channels. The composition of the ideal conduit is still unknown, despite intensive research investigating the properties of biodegradable and permanent, synthetic and natural scaffolds, in order to find an acceptable alternative to the current gold standard, the autologous nerve graft. The various options for guidance channels include synthetic substances such as lactate polymer, polyglactin mesh, polyethylene, silicone and silicone polymer tubes. Biologic conduits include autologous collagen, arterial and venous grafts and acellular muscle grafts \[[@b67]\]. Recently, the use of spider silk fibres as an innovative material for construction of a nerve conduit has been reported \[[@b68]\]. For nerve regeneration to occur, the presence of cells secreting neurotrophic factors such as nerve growth factor (NGF) is a necessity. Schwann cells appear to be important in this context, apart from their presumptive mechanical role in that they bridge the gap between axonal growth cone migration and basement membrane \[[@b69]\]. Genetically engineered fibroblasts as well as HEK-293 cells were shown to function as alternative sources of NGF \[[@b70]\]. Neuronal progenitor cells \[[@b72]\] and neural stem cells \[[@b73]\] have recently gained interest for their presumptive neu-roregenerative potential, in part due to secretion of neurotrophic factors. These include NGF, brain-derived neurotrophic factor (BDNF), IGF-1, PDGF and others which act directly to promote survival and indirectly on regenerating axons via non-neuronal cells \[[@b67]\]. Traditional ways of growth factor delivery as a recombinant protein characteristically suffer from lack of dosage control, resulting in excessively high or subtherapeutic levels, while variable degradation is a common problem in microsphere technology. Gene therapy may constitute a promising attempt to provide controlled gene expression of growth factors in this context. Adenoviral gene delivery of BDNF was carried out in newborn rats that underwent unilateral facial nerve transaction 24 hrs after vector injection into nasolabial and lower lip muscles. Twice as many facial motoneurons had survived in the treatment group after 1 week (34.5% versus 18.2%) \[[@b74]\]. HSV-1 is particularly suitable for genetic manipulation of neurons. In a rat model of crush-traction injury, lumbar motor neurons were labelled by fluorogold injection into the sciatic nerve. Thirty minutes after spinal nerve crush combined with mechanical traction to produce a proximal axonal injury, a recombinant herpesvirus co-expressing the neurotrophic factor GDNF and the anti-apoptotic gene bcl-2 was stereotactically inoculated into the ventral horn. Recovery of distal nerve function was measured using the sciatic function index calculated from toe spread and print length. Five months after injury, animals that had received injections of the therapeutic vector showed substantially better functional recovery than control-injected animals \[[@b75]\]. The merit of HSV-1 vectors for neuro-regeneration could be further enhanced if one could control trans-gene expression from the virus. To this end, Yao *et al*. constructed a replication-defective HSV-1 recombinant where transgene expression can be finely regulated by tetracycline over three orders of magnitude in several different cell lines *in vitro*. Moreover, this vector demonstrated great safety in an *in vivo* mouse model where intra-cerebral injection did not result in any morbidity, while efficient tetracycline-dependent intra-cerebral expression of the lacZ reporter gene was shown \[[@b35]\].

Liver and endocrine pancreas
----------------------------

Hepatic cells have an excellent regenerative potential, enabling regeneration of the liver after secretion of up to 70% of the organ \[[@b76]\]. Given this promising feature, Vacanti and Langer started to apply tissue-engineering principles to deliver hepatocytes using biodegradable polymers as a scaffold as early as almost 20 years ago \[[@b78]\]. Transplantation of hepatocytes may offer a promising therapeutic approach for patients with liver-based defects or fulminant hepatic failure, given the scarcity of available donor organs. More patients could benefit from a treatment adapted to their particular liver disease by making better use of the available donor tissue or using part of their own liver as a cell source for the treatment of hepatocyte-based metabolic disorders after *ex vivo* gene therapy of their hepatocytes \[[@b79]\]. Indeed, adenoviral, AAV, and lentiviral vectors have all been shown to efficiently transducer hepatocyte cultures. Follenzi *et al*. demonstrated efficient and long-lasting *ex vivo* and *in vivo* transduction of hepatocytes using a lentiviral vector. Expression could be restricted to hepatocytes after systemic injection of the virus by employing the promoter of the albumin gene in lentiviral vector construction \[[@b80]\]. Given these results, a combined approach of tissue engineering and gene transfer may be a promising strategy to treat liver diseases. There is also ongoing research investigating the potential use of liver stem cells or hepatic progenitor cells for tissue-engineering applications \[[@b81]\].

Pancreatic islet cell transplantation has been investigated as a method to provide insulin and thereby control blood glucose and potentially cure type 1 diabetes \[[@b82]\], but the low survival rate of transplanted cells and the shortage of donor pancreata constitutes a major problem. Since expansion of primary β-cells by growth factors is hampered by cell senescence and immortalization by genetic manipu-lation induces loss of differentiated function of the cells \[[@b83]\], Narushima created a human β-cell line functionally equivalent to primary β-cells by genetic manipulation. A reversibly immortalized human β-cell clone was established by retroviral transduction of primary β-cells with a retroviral vector containing human telomerase reverse transcriptase (hTERT) cDNA flanked by paired loxP recombination targets allowing deletion of TERT by Cre recombinase. After reversion, these cells could maintain normoglycemia in streptozotocin-induced immunodeficient mice for longer than 30 weeks \[[@b84]\]. The Morrison group created a 'pancreatic organoid' by seeding Matrigel-suspended islets into a vascularized chamber in order to optimize survival and demonstrated significantly improved glycemic control in SZT-induced diabetic mice for a 7-week follow-up period \[[@b85]\].

Blood vessels
-------------

The generation of functional blood vessels and a vascular network is of paramount importance towards the generation of a viable bioartificial organ or tissue. Different *ex vivo* and *in vivo* methods have been employed for diverse applications, which will be described in this paragraph. Ex vivo methodology includes seeding of endothelial cells or its precursors, which may or may not be genetically manipulated to express angioinductive factors onto a porous scaffold to generate a vascularized matrix. Generation of prosthetic grafts seeded with endothelial cells has been a major research effort in vascular and cardiac surgery. Cultured endothelial cells seeded onto the lumina of engineered blood vessels have been suggested to exhibit a pro-inflammaotry and procoagulant phenotype, leading to premature graft thrombosis \[[@b86]\]. To alter endothelial cell phenotype, genetic modification has been employed. In one of the earliest studies endothelial cells retrovirally trans-duced to express the lacZ gene were seeded into grafts that were subsequently implanted as carotid interposition grafts in dogs \[[@b87]\]. LacZ expressing endothelial cells lining the luminal surface were demonstrated 5 weeks later. Later studies showed successful retroviral transduction of endothelial cells with proangiogenic genes such tissue-plasminogen activating (TPA) factor \[[@b88]\]. In a similar context, saphenous vein grafts could be successfully trans-duced using an adenoviral vector \[[@b89]\].

Vascularization of large bioartificial constructs arguably remains the key challenge in tissue engineering and various strategies towards it have been investigated. Endothelial lineage cells such as differ-entiated endothelial cells, endothelial progenitor cells (EPCs) and embryonic stem cells have all been used for seeding of polymer matrices for *in vitro* fabrication of vascularized tissue-engineered constructs. For example, Wu *et al.* seeded endothelial progenitor cells onto a PGA-PLLA matrix, resulting in the formation of tube-shaped vascular structures *in vitro*\[[@b90]\]. After construct implantation, interconnections should be established with the host vasculature. The ingrowth of blood vessels to the centre of the scaffold could be significantly accelerated. Difficulties of this approach concern the homogenous distribution of angiogenic cells in large constructs and the selection of the optimal endothelial cell type. Moreover, it remains to be determined in detail how material, pore size and degradation properties of the scaffold influence phenotype, proliferation and gene expression of the endothelial cells \[[@b91]\]. Another option con-stitutes the implantation of a matrix without prior *ex vivo* vascularization, instead aiming for vascular ingrowth from the surrounding host tissue. This process can be supported by incorporation of angioinductive genes into the scaffold, a concept known as gene-activated matrix (36). Based on this principle, researchers demonstrated that both aden-oviral \[[@b92]\] and plasmid \[[@b93]\] gene delivery of PDGF through collagen and PLG scaffolds could stimulate vascularization rodent wound healing models.

Guided *in vivo* vascularization of a bioartificial material in a separation chamber can be induced by microsurgical construction of an arteriovenous (AV) loop. The method was first described by the Morrison group \[[@b94]\] and further developed by our group \[[@b95]\]. We and others have shown efficient *in vivo* vascularization of different biomaterials or tissue such as fibrin (Arkudas *et al.*, manuscript submitted for publication), dermis \[[@b96]\] and processed bovine cancellous bone \[[@b95]\]. The angioinductive potential of this model could be further enhanced by introduction of proan-giogenic growth factors. Arkudas *et al.* recently showed that fibrin-immobilization of VEGF and basic fibroblast growth factor (bFGF) can further enhance vascularization of a fibrin matrix in this model (manuscript submitted for publication).

Outlook
=======

Gene transfer strategies in combination with tissue engineering are under intense investigation due to the therapeutic potential. Viral vectors in particular have the advantage of superior transduction efficiency, but their use is limited by safety concerns. Large-scale transduction of target cells is most efficiently achieved using adenovirus a high titres, which involves the risk of vector toxicity \[[@b97]\]. Long-term gene expression can be achieved using retrovirus, but insertional remains a major concern. Polymer-based gene delivery systems offer promising advantages over traditional gene delivery systems by prolonging gene expression, avoiding distribution to distant tissues and systemic circulation, reduced toxicity and decreased immune response \[[@b98]\].

Optimization and control of gene expression remains a challenge that needs to be addressed given the deleterious effects of inadequately high levels of transgene expression \[[@b55]\]. To address these issues, Yao *et al.* developed a Tetracycline-repressor based highly sensitive tetracycline-dependent tran-scription switch (T-Rex™ System, Invitrogen). The T-Rex™ system was integrated into a replication deficient HSV-1 vector. It could be demonstrated that *in vitro* infection of different cell types using the tet-conditional virus resulted in tetracycline dependent 300-to 1000-fold regulation of expression \[[@b35]\]. Another promising direction is the use of stem cells and pro-genitor cells as a vehicle for gene delivery. Currently, the ethical issues associated with the use of embryonic stem cells makes adult stem cells and progenitor cells a particularly attractive choice. Adult tissues require these cell types for continuous self-renewal \[[@b99]\]. Multipotent stem cells are found in most adult tissues and can generate a certain spectrum of differentiated cell lineages dependent on their location. Progenitor cells, on the other hand, are unipotent, capable of generating one specific cell type. In the case of shortage of an autologous cell source, allogenic or xenogeneic sources become an option, even elimination by the host immune system is the key obstacle to xenotranspantation that must be solved in order to guarantee success. Taken together, gene delivery in combination with tissue-engineering applications may greatly enhance therapeutic options to (re-)generate tissue severed or lost by disease or trauma. Polymeric release and substrate-mediated gene delivery from natural or synthetic scaffolds can be carried out through both viral and non-viral vector systems. The efficacy of gene delivery systems in tissue engineering could be further enhanced by employing gene expression regulation, co-transplantation of stem cells or progenitor cells and use of xenogenic tissue or cell sources.
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